A B S T R A C T The effects ofchronic phosphate depletion on renal tubular function were evaluated by micropuncture and free water clearance studies in the dog. Proximal tubular punctures demonstrated that chronic hypophosphatemia led to a reduction in ratio of tubular fluid to plasma inulin in late superficial tubules from 1.59+0.08 in control animals to 1.29±0.06 in phosphate-depleted dogs, with proportional inhibitior, of calcium and sodium reabsorption. The chronic decrease in proximal tubular fluid reabsorption was confirmed by the analysis of sustained water diuresis in conscious, phosphate-depleted dogs, before and after repletion of body P04 stores, and in control animals. Urine flow rate/100 ml glomerular filtration rate (V/GFR) was significantly higher in P04 depletion than control (15.8±1.1 vs. 10.7±0.82). In addition, acetazolamide infusion did not increase V/GFR in phosphate-depleted dogs (15.8±1.1 vs. 17.16±0.9), supporting the conclusion that inhibition of proximal tubular fluid reabsorption was responsible for the elevated urine flow rate. P04 repletion over 5 days reduced V/GFR to 9.2±0.7 despite no change in urine osmolality and no change in GFR, further suggesting a specific reversible alteration in proximal tubular reabsorption in phosphate depletion.
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Although hypercalciuria was a constant finding in phosphate depletion (fractional excretion of calcium of 2.04±0.4% vs. 0.47±0.13% in controls), the enhanced distal delivery of calcium was not a crucial factor; acute phosphate infusion reduced urinary calcium excretion to control values without affecting the reduced proximal tubular reabsorption in Received for publication 13 July 1976 and in revised form 22 December 1976. tion was independent of parathyroid hormone (PTH) levels since infusion of PTH failed to alter urinary calcium excretion.
We conclude that chronic phosphate depletion leads to a reversible, sustained inhibition in proximal tubular reabsorptive function as well as a specific decrease in distal nephron calcium reabsorption. This latter reabsorptive defect is sensitive to phosphate infusion but not corrected by PTH.
INTRODUCTION
Chronic phosphate depletion produces alterations in function of many different organ systems. Previous studies have documented a series of disturbances in renal tubular function including a marked hypercalciuria (1) (2) (3) , as well as lowered tubular maximum (Tm)1HCO3 (4) , and Tm glucose (5) . Although these observations remain controversial, they are suggestive of disturbances in proximal tubular reabsorption. The intrarenal mechanism and sites of the altered calcium transport in this syndrome have not yet been clarified. The hypercalciuria could result from either a specific inhibitory effect of phosphate depletion upon calcium transport in the distal nephron, or from a generalized, nonspecific decrease in proximal tubular reabsorption which would in turn produce a delivery of calcium in excess of distal nephron reabsorptive capacity. The presumed absence of parathyroid hormone in this syndrome could produce increased calcium excretion either alone or in combination with alteration in tubular calcium transport.
The present series of experiments in chronically phosphate-depleted dogs was designed to investigate these problems by first 
Micropuncture studies
Hydropenic fasted animals were anaesthetized with 20 mg/kg intravenous sodium pentobarbital and received supplemental doses as required. The animals were intubated and ventilated with a Harvard respirator (Harvard Apparatus Co., Inc., Millis, Mass.). Surgical preparation of the animals for clearance and micropuncture studies was performed as previously described from this laboratory (6) . Priming doses of [3H]inulin, 100,uCi/kg were given followed by sustaining infusions of inulin in 0.9% saline at a rate of 0.5 ml/min. Three to six late proximal tubules were selected for puncture using Lissamine Green transit time. The last appearance of dye in tubular convolutions was taken as the end point. Punctures were obtained over a 60-min period beginning 30-45 min after Lissamine Green injection.
Study I. Effects ofchronic phosphate depletion
To characterize proximal tubular function, three groups of animals were studied as described above. To avoid systematic methodological errors, animals in the following three groups were studied randomly.
Group I. Seven dogs who had been maintained on standard laboratory show for at least 1 wk served as a control for the micropuncture procedure itself.
Group II. 10 animals were studied after 6-8 wk of phosphate depletion produced by being fed 250 g/day of a basal diet and 100 ml/day of aluminum hydroxide gel. The basal diet, ( 
Study I. Effects of acute phosphate infusion
To determine the mechanisms by which acute phosphate repletion corrects the hypercalciuria of phosphate depletion, three groups of animals were studied. After collections of tubular fluid and initial whole kidney clearance determination as described above, an intravenous infusion of neutral sodium phosphate (Na2HPO4:NaH2PO4, 4:1, pH 7.4, 300 mosmol/kg) was begun at a rate of 33.6 ,umol/0.32 ml per min and continued for 75 min. Recollection of tubular fluid was then performed as previously described (7) and repeat clearance studies were obtained while continuing the phosphate infusion. The following groups were studied: Group IV. Six chronically phosphate-depleted animals prepared as described above.
Group 2 wk before study were studied during sustained water diuresis and acetazolamide infusion as described. After completion of this study, the animals were maintained on a normal diet for 5-7 days and then restudied using the same protocol. This group provides normal values for this study and also serves as a control for stability over a 1-wk period.
Group VIII. Four dogs, chronically phosphate depleted as described above were studied during water diuresis. After completion of the studies, each animal was administered 1 g of phosphate as neutral sodium phosphate for 5 days while maintained on the basal low P04 diet. After repletion of phosphate, these animals were restudied during water diuresis and acetazolamide infusion.
Study IV. Effects of PTH infusion
Group IX. Six chronically phosphate-depleted dogs underwent sustained water diuresis as described above, although a urine osmolality of less than 60 mosmol/kg was not a prerequisite for completion of these studies. After 
Analytical techniques
Urine inulin, sodium, phosphate, and calcium, and serum ultrafiltrable calcium, phosphate, inulin, and sodium were measured as previously described (7) .
[3H]Inulin activity in tubular fluid, urine, and plasma was determined in a Packard liquid scintillation spectrometer (Packard Instrument Co., Inc., Downers Grove, Ill.) (6) . Tubular fluid concentration of sodium and calcium was determined by electron microprobe analysis as previously described (6) . Osmolality was measured with an osmometer (Osmette Precision Systems, Inc., Sudbury, Mass.).
The clearances of inulin, calcium, sodium, and phosphate were calculated in the usual manner. Osmolar clearance (Cosm) was calculated with the following formula: Cosm = Uosm x V/Posm where Uosm = osmolality of the urine (milliosmoles per kilogram ofwater), Posm = osmolality ofthe serum (milliosmoles per kilogram of water), and V = urine flow rate (milliliters per minute). Free water clearance (CH2O) was calculated from the following formula: CH2O = V -Cosm.
Statistical analyses were performed utilizing Student's t test for paired or nonpaired variables where appropriate.
RESULTS

Micropuncture studies
Effects of chronic phosphate depletion. The results of the clearance and micropuncture data from groups I-III are depicted in Table I . Since the control collection period of group II and IV animals represented studies in identically prepared animals, the control period of these two groups were pooled for purposes of comparison to normophosphatemic animals. Chronic phosphate depletion (group II) produced significant hypophosphatemia (Ppo 4= 1.24+0.21 mg/dl) and an increase in fractional calcium excretion to 2.04±0.44% whereas both glomerular filtration rate and plasma ultrafiltrable calcium were unchanged compared to normophosphatemic animals in groups I and III. There was also a slight increase in fractional excretion of sodium to 0.50±0.11%. Fractional excretion of phosphate was reduced in phosphatedepleted animals to 0.38±.14% of filtered phosphate compared to either group I or II animals. In the proximal tubule, ratio of tubular fluid to plasma (TF/P)inulin was markedly reduced during phosphate depletion to 1.29±0.06 compared to 1.59±0.08 in group I ( Fig. 1 ) whereas ratio of tubular fluid to ultrafilterable plasma (TF/UF) Ca and TF/P Na were not different from the control group. Therefore, chronic phosphate depletion reduced the percentage of fractional reabsorption of sodium (17±4%) and calcium (16±6%) in proportion to the decrease in fluid transport in the proximal tubule. A comparison of the data from groups I and III revealed that other than an increase in serum phosphate, there were no effects of the low phosphate diet with phosphate supplement. Thus Table  III . Cosm, V, CH2O, and Uosm, as well as urinary phosphate excretion, were not different during the control period. The serum phosphate concentration in these normal animals was lower than that found in nondiuretic, normal diet animals (group I), a probable consequence of the hypotonic glucose infusions necessary to produce a sustained water diuresis. The effects of this glucose infuLsion account for the low phosphate excretion in these animals (6) . The fraction of the filtered load delivered out of the proximal tubule (V/GFR) and the fraction excreted as free water (CH2O/GFR) however, were markedly increased in the phosphate-depleted dogs.
The effects of phosphate repletion were evaluated by restudying the depleted animals 5 days after dietary supplementation with 1 g of neutral sodium phosphate daily. As shown in Table III In Table III , the effects of acetazolamide infusion in the three groups is shown. After the control period, acetazolamide produces a marked rise in V, V factored for GFR in normal diet animals, and in phosphate-depleted animals that have been repleted with oral phosphate. However, during phosphate depletion, this agent has no effect on V despite comparable urinary osmolality in each of the three experimental groups. As may be seen in Table III , when the period after acetazolamide is compared between normal, phosphate-repleted, and phosphatedepleted animals, the differences between groups with respect to V and CH2O are abolished. The only parameter which distinguishes phosphate-depleted animals from normophosphatemic animals after acetazolamide is a markedly lower serum ultrafilterable phosphate level.
Effects of parathyroid hormone (PTH) infusion. (4), reduction of proximal tubular sodium transport also would be associated with inhibition of bicarbonate reabsorption (9) . Such a possibility has been supported by earlier clearance studies which suggested that CPD may lead to inhibition of sodium reabsorption in the proximal tubule of the dog (10) . In addition, evidence for a decrease in Tm glucose has been obtained in phosphate depletion (5) , compatible with the concept of a generalized decrease in proximal tubular function. Other investigators, however, have been unable to document this decrease in Tm glucose (11) . As phosphate and glucose appear to compete for transport in the proximal tubule (6) , it is possible that hypophosphatemia may enhance glucose transport and severe phosphate depletion may depress proximal function accounting for the discrepancy in the two studies (5, 11 (12) , and therefore possibly reabsorptive, differences between superficial and juxtamedullary cortical nephrons. Thus, it may not be justified to extend observations from superficial nephrons to include the entire proximal tubule population. To circumvent these problems, we evaluated whole kidney segmental fluid transport utilizing CH2O studies. In these experiments, animals were evaluated after induction of CPD in a manner identical to the group II micropunctured animals. This series of water diuresis experiments was designed to verify the conclusions reached in the micropuncture studies.
Under conditions of sustained water diuresis and maximal vasopressin suppression, the ratio of V to GFR (V/GFR) has been used as an index of delivery of filtrate from the proximal tubule to the distal nephron (13, 14) . During states in which distal nephron delivery of filtrate is enhanced, changes in CH2O/GFR may also reflect such an increased delivery if the solute reabsorptive function of distal nephron diluting sites is unimpaired (14) . In our studies, CPD was associated with a significantly greater V/GFR and CH2O/GFR when compared to control animals with comparably low urine osmolality. Moreover, the reversibility of these abnormalities with dietary repletion of phosphate further supports the primary role of phosphate depletion in the genesis of the proximal Renal Effects of Phosphate Depletion 775 tubular dysfunction. Such analyses during water diuresis have been used to evaluate the tubular sites of action of various drugs and physiological maneuvers (14) . However, such studies have potential pitfalls in interpretation since a number of theoretical assumptions underlie their use. For example, an increased V during water diuresis does not necessarily imply decreased fluid reabsorption in the proximal tubule. It could indicate decreased water abstraction from the descending limb of Henle's loop and decreased nonantidiuretic hormone-dependent water reabsorption across the collecting duct epithelium. These two phenomena might occur if medullary solute concentration was "washed-out" by some experimental maneuver. Thus, it is possible that CPD could alter medullary solute accumulation and thereby lead to the increased V/GFR and CH20/GFR seen in the animals studied during sustained water diuresis. Also, if collecting duct permeability to water was decreased, diminution of "back flux" of water across this epithelium could be manifested as a rise in V and free water excretion. Thus, clearance studies alone although inferential, could not definitively identify the tubular sites of altered fluid reabsorption. It is because of the possibility of alternate interpretations of such clearance data that the importance of the parallel series of micropuncture experiments becomes apparent. Two groups of phosphate-depleted animals were prepared in identical fashion and micropuncture was performed in one and the clearance studies in the other. This allowed direct comparison of parameters of proximal tubular function by two different experimental techniques and thereby facilitated specific interpretation of the observed data. Thus, whereas alternate explanations could be employed to analyze either micropuncture or clearance data alone, the combined experimental approach strongly supports the conclusion that inhibition of fluid reabsorption occurs in proximal convoluted tubules of the chronically phosphate-depleted dog.
The observations on the response in V/GFR and CH20/GFR to acetazolamide infusion in phosphatedepleted animals further suggests inhibition of proximal tubular fluid reabsorption. Acetazolamide has been shown to specifically inhibit filtrate reabsorption in the proximal tubule through inhibition of carbonic anhydrase (8) . This agent has been employed to evaluate segmental tubular function during water diuresis and consistently produces an increase in V/GFR and a variable increase in CH20/GFR, confirming micropuncture studies which localize its site of action to the proximal tubule (8) . In the present studies, acetazolamide produced no change in V/GFR in phosphate-depleted animals while significantly increasing this parameter in normal control and phosphate-repleted dogs. If the high rate of V/GFR seen in phosphate-depleted animals represents inhibition of proximal tubular fluid reabsorption, then infusion of an agent known also to inhibit proximal tubular reabsorption would be expected to produce little further effect. However, if medullary solute "washout" or decreased water permeability of the collecting duct was the mechanism of the increased V/GFR, an agent which leads to inhibition of proximal tubular fluid reabsorption would lead to a further rise in V/GFR as delivery to distal nephron sites increases. Thus, absence of such an effect of acetazolamide in phosphate-depleted dogs leads to verification of the conclusion that phosphate depletion produces inhibition of proximal tubular fluid reabsorption. Moreover, the analysis of free water excretion data demonstrate that acetazolamide infusion normalizes the large differences between hypophosphatemic and normophosphatemic controls further corroborating the assumption that the increased free water excretion in phosphate depletion is due to enhanced delivery of filtrate to the distal nephron sites of urinary dilution.
In addition, a recent observation from our laboratory supports the validity of the conclusion that increased V/GFR and CH20/GFR represent increased filtrate delivery from the proximal tubule and not wash out of medullary solute concentration. Maximum urine osmolality after 12 h of fluid deprivation in chronically phosphate-depleted rats was greater than 1,900 mosmol/kg and identical to normal controls.2 Thus, although no direct study of medullary solute gradients is available in chronic phosphate depletion, these data suggest that significant medullary washout is not a feature of phosphate depletion.
The present studies do not define the mechanism of the defect in proximal tubule reabsorptive function. A large body of information has accrued on the effects of phosphate depletion on red cells (15, 16) , phagocytes (17) , hepatocytes (18) , skeletal muscle (19) , and neural tissue (20) . Generally, intracellular phosphate levels are low as are intracellular ATP levels (20) . Thus, abnormalities seen in phosphate depletion have been attributed to deficiencies of cellular energy stores (16, 19) . The possible role of similar abnormalities in the cellular metabolism of proximal tubular epithelia remains unknown. It is interesting however, that acute phosphate infusion in our studies did not correct the abnormality whereas dietary repletion restored proximal tubular reabsorption to 2Emmett, M., S. Goldfarb, Z. S. Agus, and R. Narins. Unpublished observations. Urine osmolality was 1,959+73 mosmol/kg in five phosphate-depleted rats (3 wk of 0.03% phosphate diet) and 2,096+44 in five pair fed control diet animals (P > 0.3). Urine osmolality was determined after 1 U pitressin tannate in oil intramuscularly after 12 h of fluid deprivation.
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S. Goldfarb The mechanism of hypercalciuria with phosphate depletion has been studied in both man and experimental animals. Factors which could contribute to increased urinary calcium excretion include increase in filtered load, and (or) decreased proximal tubular reabsorption which would increase delivery of filtered calcium to the distal nephron. Calcium reabsorption in the distal nephron could be diminished by a decrease in circulating levels of PTH (22) with phosphate depletion or by a specific transport defect associated with phosphate depletion.
Our data suggest that neither an increase in filtered load nor increased delivery of filtrate out of the proximal tubule play an important role in producing hypercalciuria. These conclusions derive from the observation that the acute infusion of phosphate to chronically phosphate-depleted dogs abolished hypercalciuria but did not alter the massive delivery of calcium to the distal nephron. Since final urinary calcium excretion may be independent of distal nephron delivery, these data are more compatible with inhibition of some component of distal nephron calcium reabsorption by phosphate depletion as the mechanism of hypercalciuria. Enhanced intestinal calcium absorption and (or) increased bone resorption associated with phosphate depletion (3) would be expected to suppress secretion of PTH. Decreased circulating levels of PTH in this syndrome therefore, may represent a potential hormonal mechanism for the inhibition of distal nephron calcium transport. Previous studies evaluating this hypothesis have been inconclusive. For example, the administration of parathyroid extract to phosphate-depleted dogs reduced urinary calcium excretion but not to normal levels (1). This was interpreted as evidence for the presence of PTH-independent inhibition of calcium transport. However, parathyroid extract produces striking renal hemodynamic effects which could modify the hypocalciuric response to PTH. In our studies, the administration of highly purified PTH failed to lower fractional excretion of calcium to normal levels whereas GFR and filtered load of calcium were stable. On the other hand, as has been previously demonstrated (23) , acute infusion of phosphate completely abolished the hypercalciuria in both intact and TPTX phosphate-depleted dogs. These data suggest that some component of calcium transport beyond the proximal tubule which is independent of PTH is altered by CPD to produce hypercalciuria. Our studies do not define the cellular mechanisms involved in this event. It is possible that the lack of a hypocalciuric response to PTH is the result of a deficit of some tubular constituent, such as phosphate, rather than a primary cellular resistance to the actions of the hormone but, again, the present data cannot resolve this question.
Previous studies have suggested that the inhibition of calcium transport produced by a decrease in serum phosphate is associated with a systemic rather than a direct renal effect (1). Although chronic expansion of the extracellular fluid volume produces hypercalciuria, it is unlikely that such a mechanism is operative in phosphate depletion since hypercalciuria persists when depleted animals are placed on a salt-free diet (1) . Chronic metabolic acidosis also is associated with increased urinary calcium excretion (24) . Previous studies have been unable to document consistent changes in acid-base status in phosphate depletion (1, 4) , and measurement of arterial pH in our animals did not reveal evidence of metabolic acidosis. Studies in our laboratory in phosphate-depleted rats however, have documented the presence of a renal tubular acidosis which is masked by bicarbonate release from bone (25) . It (4) . Therefore, the role of changes in systemic acid-base balance in producing the hypercalciuria of phosphate depletion remains unclear. Other factors which may alter calcium transport and which remain to be defined include alterations of distal nephron tubular fluid pH by phosphate infusion, phosphate-induced changes in intracellular calcium concentration, or the possibility of a humoral factor which inhibits calcium reabsorption during phosphate depletion (27) . Although these studies were not designed to evaluate the renal handling of phosphate during CPD, several points do emerge from an analysis of the urinary excretion of phosphate in the various experimental groups. As has been previously shown, urinary phosphate excretion is extremely low in phosphatedepleted animals and may not rise with elevations in serum phosphate (28) . Thus, in group IV micropuncture studies, the elevation of serum ultrafilterable phosphate from 1.2+0.4 to 4.8+0.8 mg/dl produced no rise in the fractional excretion of filtered phosphate (0.32±0.05-0.17+0.05%). After administration of PTH to chronic phosphate-depleted dogs (group IX), there was no increase in phosphate excretion. These results confirm previous observations of the effects of PTH on phosphate reabsorption in chronically phosphate-deprived animals (29) . In general, the phosphatedepleted dog would appear to demonstrate resistance to both the phosphaturic and hypocalciuric effects of PTH.
In summary, our studies using both micropuncture and CH2O techniques have defined an effect of CPD on reabsorptive function in both the proximal tubule and distal nephron. The reabsorption of fluid, calcium, and sodium is significantly reduced in the proximal tubule but only calcium reabsorption is altered in the distal nephron, accounting for the hypercalciuria. The proximal tubular abnormality was not altered by acute phosphate infusion but responded to chronic repletion with dietary phosphate. Acute infusion of phosphate but not PTH corrects the hypercalciuria in both intact and TPTX dogs. Thus, alterations in phosphate balance independent of PTH modulate urinary calcium excretion by affecting calcium reabsorption in the distal nephron. The relevance of these observations to other models of hypercalciuria such as idiopathic hypercalciuria with hypophosphatemia in man (30) remains to be defined with careful studies of proximal tubular transport. In addition, the use of phosphate depletion as a model characterized by sustained inhibition of proximal tubular reabsorption may facilitate the study of the importance of the proximal tubule in various pathophysiological states of altered sodium balance.
